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Abstract 
Controlled hydraulic transient pressure waves can be used to actively assess the condition of 
pressurised pipelines (e.g. leak detection). One practical challenge to the application of the 
technique to buried water pipelines is in the pressure measurement – fast-response pressure 
transducers are costly and the deployment is limited to one sensor per access point (e.g. at air 
valves or fire hydrants). The measurement from a single sensor is always the superposition of 
the waves travelling upstream and downstream along a pipe. It is often difficult to determine 
the direction of the propagating waves, unless there are suitable locations nearby where 
additional measurements can be made. The research reported here develops a fibre optic 
pressure sensor array for in-pipe transient pressure measurement. The sensor array consists of 
five Fibre Bragg Gratings (FBGs), each formed into a custom designed pressure transducer. 
The cable containing the array has a diameter of approximately 4 mm, making it easy to 
  
insert into a pipeline through a single access point for distributed transient pressure 
measurement. The usefulness of the fibre optic pressure sensors for transient-based pipeline 
leak detection is validated through laboratory experiments. The measurement from each 
individual fibre optic sensor is generally consistent with conventional piezo-resistive pressure 
transducers over a wide frequency range. The sensor array configuration enables the 
determination of the directional information of waves, therefore enhancing the ability of 
pipeline defect detection and localisation.                  
Keywords: fibre optic sensing, fibre Bragg gratings, leak detection, pipeline, water hammer, 
water distribution system  
Introduction 
Water distribution systems are critical civil infrastructure. Structural health monitoring of 
these systems is of significant importance to detect defects (e.g. leaks, blockages and wall 
deterioration) and guide cost-effective maintenance and replacement programs. Research in 
the past two decades has demonstrated that controlled hydraulic transient pressure waves can 
be used as a tool for active pipeline health monitoring, including leak detection [1-4], 
blockage detection [5-7] and pipe wall condition assessment [8-10].  The process is akin to 
the use of radar or sonar waves to detect remote objects [11]. Controlled transient pressure 
waves can be generated by an abrupt alteration of the flow condition such as closing a side-
discharge valve. The generated pressure waves propagate along a pressurised pipe at a high 
speed (typically 1,000 to 1,300 m/s in metallic pipes). Upon the arrival at any physical 
discontinuities such as a leak, a reflected wave is generated and propagates back towards the 
signal source. The wave reflection can be measured as a pressure variation with time at a 
  
measurement location and analysed by appropriate algorithms, yielding indicators of the pipe 
condition [12-14].     
The success of transient-based pipeline condition assessment depends on an accurate 
measurement of the hydraulic pressure responses of the pipe system at multiple locations [10, 
15]. However, this is challenging in real water pipelines that are mostly buried underground. 
To avoid excess excavation in the field, pressure transducers are usually connected to existing 
access points above ground such as air valves or fire hydrants that are connected to the water 
main via short branch pipes. This is inherently limited to one pressure sensor per access point. 
One practical challenge is that the measurement from a single sensor is always a 
superposition of two pressure waves travelling upstream and downstream along the pipe, 
resulting in complex wave forms and difficulty in data analysis. To resolve the directional 
information, multiple measurement points are needed [8, 16, 17]. For a given water 
transmission pipe, the distance between any two adjacent measurement stations is typically 
several hundred metres because access points are often sparsely located. By comparing the 
measured data from different locations, it is possible to distinguish major wave reflections 
from the upstream and the downstream sides of the transient generator, but details are 
typically difficult to resolve due to the complex pipe conditions that exist between separated 
monitoring stations [10].  
This research proposes to use an in-pipe sensor-array strategy for hydraulic transient 
measurement and pipeline leak detection. The strategy is achieved by inserting a customised 
fibre optic sensing cable with multiple pressure sensors into a pipeline through a single access 
point, allowing the directional information of wave reflections to be resolved. Transient-
based leak detection can thus be conducted for any targeted pipe section (provided there is at 
least one access point) in a complex pipeline system. The use of optical fibre as the 
  
transmission medium for the sensing array allows cables to be fabricated up to tens of 
kilometres in length without significant loss in sensitivity [18, 19]. In this instance, the 
sensing cable was 5.37 meters long to allow it to be used on the pipeline testbed in the 
laboratory. The sensing region of the cable consisted of five discrete sensors. The sensors 
were custom-designed fibre Bragg grating (FBG) pressure transducers, based upon those 
initially developed by Arkwright et al. for monitoring pressure inside the human body [20, 
21]. These pressure transducers can measure pressure dynamics at high frequencies with a 
large background pressure condition. To the knowledge of the authors, this is the first time 
that in-pipe fibre optic sensor arrays have been used for hydraulic transient-based leak 
detection. Details of the design of the in-pipe optical sensor array, and the laboratory 
verification of hydraulic transient measurement and leak detection are discussed in the 
following sections. 
Fibre optic sensing in pipeline health monitoring 
Fibre optic sensing has been applied to a wide range of fields [22-24], including pipeline 
health monitoring [18]. A single fibre can achieve distributed sensing over tens of kilometres, 
and over hundreds of kilometres when optical amplifiers are used [19], making it attractive to 
the monitoring of elongated structures, such as pipes and bridges [18]. Most applications to 
date in this field involve the deployment of a long fibre optic cable along the outside of a 
pipeline axially or helically wound to measure temperature, strain, or acoustic signals. For 
example, a localised variation in the temperature profile along a pipe is an indication of 
leakage [19]; a strain profile along a pressurised pipe wall can be used to determine wall-
thinning defects [25]; and a significant change of local strain over time is an indication of 
excess pipeline deformation, e.g. due to ground movement [26]. Acoustic signals induced by 
  
leakage can be measured by fibre optic acoustic sensors, and high resolution leak localisation 
is achievable if a large number of sensors are distributed along the pipe [27, 28].  
Long range fibre optic acoustic sensors are also used for in-pipe measurement. Applications 
include acoustic-based leak detection [29] and real time detection of wire breaks in pre-
stressed concrete cylinder pipes [30]. However, deployment of long range fibre optic cables 
along existing water distribution pipelines is often costly and difficult as the pipelines are 
typically buried underground.    
In-pipe fibre optic pressure sensor design  
As mentioned above, the in-pipe fibre optic pressure sensor array is a modification of the 
FBG-based manometry catheter developed by Arkwright et al. for measuring muscular 
activity in the human gastrointestinal tract [21]. Subsequent laboratory experiments 
demonstrated that these sensors were able to measure dynamic pressure in open wave tanks 
[31] and pressurised water pipelines under low background pressure conditions (less than 2 
bar) [32].  
The original sensor was adapted for high-speed hydraulic transient pressure measurement 
under typical pressure conditions used in water distribution systems (3 to 6 bar). The sensors 
were formed using Draw Tower Grating (DTG) arrays (FBGS International, Geel, Belgium). 
A DTG array includes a number of FBGs, written into the fibre as it is being drawn and prior 
to the application of a protective coating. This process results in enhanced mechanical 
strength compared to the conventional window striping method of writing FBGs [33]. Each 
FBG is designed to reflect a specific wavelength of light, and this wavelength will change in 
response to a strain applied to the element. In their simplest form, FBGs can be thought of as 
  
optical strain gauges [34]. A large number of FBGs can be written into a single length of 
optical fibre and can be interrogated simultaneously using wavelength division multiplexing 
techniques [35].     
A photograph of the sensing cable is shown in Figure 1. The sensor cable has an overall 
length of  5.37 m. Five FBG sensors are located on the cable, with a spacing of 0.725 m 
between the first and the second sensors, and a spacing of 0.5 m between the following 
sensors.  
 





Each pressure sensor consists of a rigid metal substrate, in which one FBG element is rigidly 
bonded on the two ends. The fibre within the substrate is constrained to form a downward arc 
during the bonding process, as shown in Figure 2. The substrate is then covered by a flexible 
elastomeric sleeve. As the ambient pressure increases the sleeve displaces the fibre 
downwards, causing a change in the strain along its axis. This change in strain causes a shift 
in the reflected wavelength of the FBG that is proportional to the change in ambient pressure 
[31].      
 
Figure 2. Schematic of the fibre optic pressure sensor showing the arc-shaped pre-load 
applied to the fibre. 
Static pressure measurement 
The wavelength change in each transducer was measured as a function of applied pressure 
change to assess the performance of the fibre optic sensors on static pressure measurement. 










The experiments were conducted using a water-filled pressure vessel to avoid thermal 
artefacts due to the inherent temperature dependence of FBGs.  
The shift in the grating wavelength was recorded at 1 bar increments from 0 to 4 bar for the 
five FBG sensors named FBG1 to FBG5. The results are tabulated in Table 1. Figure 3 shows 
the linearly fitted curve for FBG3, which is most relevant to the following analysis. The 
sensitivity of FBG3 is found to be 0.2031 nm/bar as obtained by linear regression.  
The inherent temperature sensitivity of FBGs was not an issue for this work and was not 
investigated further. This is because that the temperature induced drift is a relatively slow 
process and the purpose of this work is to measure transient pressure variations in relatively 
high frequencies (kHz or above) and in very short time frames (milliseconds to seconds). 
Even for long-period measurement (tens of minutes), the slow drift due to temperature 
change can be removed by high-pass filtering of the data if necessary. 
   
Figure 3. Relationship between variations in pressure and shifts in wave length for the third 






















Pressure variation (bar) 
  




Wavelength shift (nm) 
FBG1  FBG2  FBG3  FBG4  FBG5  
0 0.0000 0.0000 0.0000 0.0000 0.0000 
1 0.2345 0.2569 0.1991 0.1287 0.2619 
2 0.4667 0.5113 0.4000 0.2722 0.5039 
3 0.7071 0.7687 0.6034 0.4041 0.7408 
4 0.9494 1.0211 0.8132 0.5558 0.9836 
 
The sensitivity varies among sensors because they are custom built prototypes, but in all 
cases the linearity remains. The sensitivity of all the five sensors are summarised in Table 2. 
The noise floor for all sensors was about ±2.5 pm at a 7 kHz sampling rate or ±0.8 pm at 1 
kHz. Transducer non-linearity for each sensor was within the range of 0.16 to 1.2% with an 
average of 0.65% across all sensors.  
Table 2. Sensitivity of the fibre optic sensors (wavelength shift to pressure variation) 
Sensor Sensitivity 
(nm/bar) 
FBG1  0.2371 
FBG2  0.2554 
FBG3  0.2031 
FBG4  0.1387 
FBG5  0.2446 
 
Hydraulic transient measurement 
Laboratory system setup 
The fibre optic sensor array was tested in a copper pipeline system in the Robin Hydraulics 
Laboratory at the University of Adelaide. The system layout is presented in Figure 4, with an 




Figure 4. Layout of the experimental system: (a) the pipeline configuration; and (b) enlarged 
view of the deployment of the fibre optic pressure sensors (the drawings are not to scale and 
are representative only).  
The laboratory pipeline is a straight copper pipe with an internal diameter D  = 22.14 mm 
and a wall thickness e  = 1.63 mm according to the specifications provided by the 
manufacturer. The pipe has a slight slope such that air can be expelled easily during the 
filling process. The theoretical wave speed is a = 1,319 m/s as determined by the theoretical 
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where K is the bulk modulus of elasticity of water,   is the density of water, E  is Young’s 
modulus of the pipe wall material (copper), and 1c  is a dimensionless factor with a value that 
depends on the restraint condition of the pipeline [36]. 1c  = 1.006 for the laboratory pipeline 
[9], which was anchored to a rigid concrete wall at every 0.5 m (i.e. restrained throughout). 
The fibre optic sensor array cable was inserted into the pipeline through an angled tapping 
point and sealed with an o-ring gland. The fibre was illuminated using a superluminescent 
light emitting diode (DL-BP1-1501A, DenseLight, Singapore) and the reflected wavelengths 
from the sensor array were monitored using a solid state spectrometer (I-MON 512 HS, Ibsen 
Photonics, Denmark), which is specified with a maximum data sampling rate of 17 kHz. A 
solenoid-controlled side-discharge valve was used as the transient wave generator. After a 
steady-state flow was established, an abrupt (approximately 3 ms) valve closure was used to 
generate a step transient pressure wave propagating upstream and downstream along the pipe 
simultaneously. A conventional piezo-resistive pressure transducer (M5HB, Keller AG, 
Switzerland) was flush mounted on the pipe wall, at the same location as the third FBG 
sensor (FBG3). The sampling frequency of the piezo-resistive pressure transducer (PT) was 
100 kHz.  A leak was simulated by a small side-discharge valve, with a manually controlled 
aperture. The water tank shown on the right hand side of Figure 4 was pressurised to 
approximately 4 bar by compressed air.  
Leak hydraulic noise measurement  
Experiments were conducted to measure the hydraulic noise (in the form of pressure waves) 
generated by a leak [Figure 4(a)]. The purpose was to assess whether the optic fibre sensors 
  
can measurement transient pressure perturbations at a high sampling rate. The background 
pressure at the leak was 3.95 bar (equivalent to 40.3 m pressure head) and the steady-state 
discharge though the leak was 0.082 L/s. The lumped effective opening [36] of the leak is 
calculated as 2.9 mm
2












where d LC A  is the lumped effective opening of the leak, with dC  the discharge coefficient 
and LA  the area of the orifice, H is the head difference across the leak, LQ  is the discharge 
through the leak, and g  is acceleration due to gravity. From the effective opening, the 
equivalent diameter of the discharging orifice is approximately 2.3 mm (assuming  dC  = 0.7 
and a circular shape). 
Figure 5 shows the transient waves due to the leak-opening operation and the subsequent leak 
hydraulic noise as measured by the optical sensor FBG3 and the pressure transducer PT (only 
a segment is shown). Because the leak was close to the sensors, the leak-induced hydraulic 
noise contains substantial high-frequency components.  
  
  
Figure 5. Transient pressure waves due to the leak-opening operation and the subsequent leak hydraulic 
noise (leak started at approximately 14 s): (a) measured by FBG3; and (b) measured by the piezo-resistive 
pressure transducer (PT). 
Figure 6 shows the low-pass filtered wave perturbations based on the original measurements 
(Figure 5). The steady-state readings have been subtracted to highlight the dynamics. The 
low-pass filter used is a 2nd order low-pass digital Butterworth filter [37] with a cut-off 
frequency of 500 Hz. The Butterworth low-pass filter enhances the signal-to-noise ratio for 
the frequency band of interest (0 to 500 Hz). Figure 6 shows that the transient perturbations 
induced by the leak-opening operation as measured by FBG3 [Figure 6(a)] are consistent 
with those from the PT [Figure 6(b)].   









































Figure 6. Low-pass filtered transient perturbations due to the leak-opening operation and the subsequent leak 
hydraulic noise (leak started at approximately 14 s): (a) measured by FBG3; and (b) measured by the piezo-
resistive pressure transducer (PT). 
To investigate the frequency response, Fourier transforms of the leak hydraulic noise signals 
were calculated and are presented in Figure 7. Only the transient data measured 20 s after the 
initiation of the leak were used in the spectral analysis to avoid the impact of the leak-
opening operation. The total time duration of the data used in the frequency analysis was 26 s 
for each sensor.   
   




























































































































Figure 7. Single-sided amplitude spectrum of the leak-induced signal: (a) measured by FBG3; and (b) 
measured by the piezo-resistive pressure transducer (PT).  
Figure 7 shows that the spectrum of FBG3 is generally consistent with that of the PT in the 
frequency range considered (0 to 500 Hz). In water distribution systems, the maximum 
observable frequency of the transient pressure waves is typically less than 100 Hz. This is 
because hydraulic devices (e.g. valves and pumps) that generate transient waves have limited 
operational speed, and high-frequency waves suffer significant attenuation and cannot 
propagate over long distances [38, 39].  The above analysis on the leak-induced transient 
waves has confirmed that the fibre optic sensors can be used for dynamic pressure 
measurement in water distribution systems.  
Leak reflection measurement 
Hydraulic transient tests were conducted by operating the transient generator, with and 
without a leak. A step pressure wave was generated by an abrupt valve closure, and pressure 
responses of the pipeline were measured by the fibre optic sensor array and the piezo-
resistive pressure transducer. Figure 8(a) shows the results from FBG3 together with that 
from PT for the “no leak” scenario, and Figure 8(b) gives the results when a leak was present 
at the location shown in Figure 4(a). The calibration of the fibre optic sensors was checked by 
matching the peak to trough measurements from the FBG and PT sensors. Using this method 
of calibration, the sensitivities of the FBG sensors were slightly less than those indicated by 
the steady-state measurements (Table 2). Since the FBG sensor cable can be moved along the 
pipe, each of the FBG sensors was calibrated by this approach and by aligning with the PT 
sensor at the same location. Repeatability was confirmed by conducting multiple transient 
events. The slight difference from the steady-state sensitivity is likely due to the 
  
viscoelasticity of the elastomeric sleeve covering the FBG. For steady-state pressure 
measurement, the elastomeric sleeve has sufficient time to respond and deform (creep); while 
under transient pressure conditions, the degree of response is less because the time between 
pressure (stress) variations is very short. However, since the relative pressure perturbation is 
used for the analysis of the transient waves, and the absolute value of pressure is not required, 
this was not investigated further for this work and will be a topic for future research.    
  
Figure 8. Transient response of the experimental pipeline system to a step incident pressure wave: (a) 
when no leak is present and (b) when a leak is present. 
 
In Figure 8(a), the excitation step signal and the reflections from the system boundaries (the 
closed valve and the tank) are clear. The response between the incident step and the system 
boundary reflection is expected to be a flat plateau because the pipeline is uniform and has no 
leak (therefore there should be no wave reflections). However, some small pressure 
oscillations are observed just after the incident step wave, in particular, a small step rise is 
observed as highlighted in Figure 8(a). This small step rise is believed to be the impact of the 
in-pipe fibre optic cable. The in-pipe cable, made from a plastic material, lowers the 
impedance and the wave speed of the short copper pipe section that hosts the cable, therefore 
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wave reflections occur at the interface between the normal pipe section and the pipe section 
with the cable. Because the inserted part of the cable was only about 3.1 m [Figure 4(b)], the 
impact is localised and has a very limited influence to the leak detection as discussed later.  
Figure 9(a) presents an enlarged view of the key pressure perturbations recorded in Figure 







































Figure 9. Major pressure perturbations and the wave propagation paths for the case with a 
leak: (a) enlarged view of the pressure perturbations, and (b) routes of the waves for those 
perturbations (A: initial step wave; B: leak reflection; C: reflection from closed valve; D: 
reflection from tank).  
In Figure 9(a), the leak-induced wave reflections are identifiable from both FBG3 and PT 
[feature B in Figure 9(a)]. For the positive step-wave pressure excitation used in the 
experiments [feature A in Figure 9(a)], the leak-induced wave reflection is a negative step-
wave reflection (pressure drop) because a leak results in a discontinuity in the pipe flow [40]. 
This feature enables operators to identify leaks from the measured pressure response without 
knowing the response of the “no-leak” case (i.e., in the case of no leaks present, there will be 
no negative step-wave reflection observed).  A fully closed valve introduces a positive step-
wave reflection [feature C in Figure 9(a)], and a water tank introduces a negative step-wave 
reflection [feature D in Figure 9(a)]. For further details of the reflection mechanisms, the 
interested reader is referred to [40]. However, it should be noted that applications to real pipe 
networks can be challenging when the “no-leak” comparison is absent, with details discussed 


















The measurements from the two types of sensors are generally consistent, in particular the 
dynamic pressure perturbations. Note that the measurements shown in Figure 8(b) appear to 
be noisier because of the hydraulic noise induced by the leak.  The results further confirms 
that the new in-pipe optic fibre sensor can be used for hydraulic transient measurement and 
transient-based defect detection in pipelines. However, it is difficult to locate the leak from 
the measurement of a single sensor if the propagation direction is unknown [Figure 9(b)]. A 
single sensor records pressure waves propagating along a pipeline in two directions 
simultaneously. As a result, a measured wave reflection can be induced by a defect located on 
either the upstream or the downstream side of the transient generator, or it can even be a 
combined result of defects located on both sides. In other words, the directional attribution of 
features in the detected signals induced by pipe defects is not possible based on a single 
measurement in isolation. 
Transient-based leak detection and localisation 
The use of multiple sensors at different locations can resolve the directional information of 
wave reflections, and the in-pipe fibre optic sensor array provides a method for doing this in 
buried water pipelines for which there is only limited access. The signals measured by the 
fibre optic sensors located on the right hand side of the transient generator (FBG2 to FBG5) 
are further analysed for leak localisation. The wavelength shifts as measured by the fibre 
optic sensors are converted to pressure perturbations and shown in Figure 10. Note that the 
results shown in Figure 10 were collected from the same test as for Figure 8(b), with Figure 
10 showing the measurements from FBG2 to FBG5 while Figure 8(b) showing the results 
from FBG3 and PT.  
  
 
Figure 10. Pressure perturbations measured by FBG2 to FBG5 as excited by a step transient 
pressure wave for the pipeline system with a leak. 
The data shown in Figure 10 are difficult to interpret directly because of the interference from 
the hydraulic and measurement noise. In addition, the same reflected wave arrived at 
different sensors at different times, such that comparison between the measurements from 
multiple sensors is not straightforward. A 10-point simple moving average filter [37] has 
been applied to the data to supress the noise, which has a broad bandwidth and a random 
nature, and to highlight the wave reflections that follows a step waveform. A time-shifting 
technique [10] has been applied to the filtered data to determine the directional information of 
measured waves.  
Time shifting of the data is carried out relative to the data recorded by FBG2. The time-bases 
of FBG3, FBG4, and FBG5 are shifted by the time taken for the pressure wave to travel from 
the specific sensor to the reference sensor, FBG2. The travel time is dependent on the 
distance between the sensors and the predicted transient wave speed within the pipe. Because 



























FBG2 is the leftmost sensor among FBG2 to FBG5 [Figure 4(b)], a negative shifting of the 
time bases of FBG3, FBG4, and FBG5 (i.e. subtracting the corresponding wave travel time 
from the original time base) will align waves coming from the left hand side. The principle 
behind this is that waves coming from the left hand side of the sensor array will arrive at 
FBG2 first, then FBG3, FBG4, and FBG5 with increasing time delays (wave travel times). A 
negative shifting will remove those time delays in the time bases, such that a wave coming 
from the left hand side and measured by different sensors will be aligned at the same time 
point in those adjusted time bases. On the other hand, a positive shifting of the time bases (i.e. 
adding the corresponding wave travel time on top of the original time base) will line up 
waves coming from the right hand side. The negatively and positively time shifted pressure 
perturbation traces are shown in Figure 11.   
  
Figure 11. Time-shifted pressure perturbation traces measured from FBG2 to FBG5: (a) negative time 
shifting to line up waves coming from the left hand side; and (b) positive time shifting to line up waves 
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coming from the right hand side. 
 
In Figure 11(a), where a negative time-shift was applied, the rising edge due to the closure of 
the transient generator and the reflection from the closed ball valve line up, indicating the 
left-right direction of the waves. Conversely, in Figure 11(b) where a positive time-shift was 
applied, the drops in pressure due to the reflection from the leak are aligned, indicating a 
right-left travelling wave. This means that the leak is on the right hand side of the sensors. 
Compared with the original pressure traces in Figure 10, the moving-average filtering 
significantly improves the clarity of the leak-induced reflections. It is expected that the same 
filtering approach will also be effective in field pipelines since the main purpose of the 
filtering is to supress the intrinsic measurement noise (which has a characteristic similar to 
white noise).    
The distance to the event of interest (the leak in this instance) can be determined from the 
wave propagation speed and the delay between the outgoing wave and the return of the 
reflected wave [41]. Using the data shown in Figure 11(b), the time interval for a pressure 
wave to travel from FBG3 to the leak and back is estimated as ∆t = 0.0140 s. Using the 
theoretical wave speed of a = 1,319 m/s, the distance between FBG3 and the leak is 
calculated as a ∆t /2 = 9.23 m, which is generally consistent with the known distance of 9.04 
m (Figure 4). The discrepancy is mainly attribute to the hydraulic impact of the in-pipe cable. 
As discussed in Figure 8(a), the in-pipe cable introduced an impedance and a wave speed 
change in the short pipe section (3.1 m) hosting the cable. That is, the actual wave speed in 
that short pipe section is lower than the theoretical wave speed of a = 1,319 m/s. The impact 
of this local wave speed change on leak localisation is negligible in field pipelines where the 
length of the normal pipe section is much longer than that in the laboratory pipeline. It does 
  
not have any impact on the time-shifting because the time information used for the shifting is 
determined from the measured wave fronts and does not require the knowledge of distance or 
wave speed. Overall, the appearance of the pressure drop when the leak is opened, and the 
agreement between the calculated and measured distance between FBG2 and the leak site, 
have validated the use of the fibre optic sensing array for leak detection and localisation. 
Discussion 
Some of the challenges expected in field applications are discussed in this section. 
Influence of noise 
The noise floor of the optical data acquisition system in this laboratory study has been 
reduced by applying a moving average filter on the data. This effectively suppresses the 
white noise to a level that enables the relevant features to be identified. In operational pipe 
networks, it is likely that the background noise may be higher, requiring higher levels of 
signal processing to extract the pertinent information of pipeline defects. Early research has 
demonstrated that the use of advance signal processing techniques, such as cepstrum analysis 
[13] and wavelet analysis [12], can enhance the ability of leak reflection identification. 
However, this initial study reported here has allowed us to identify the signatures from 
known specific perturbations (leak-induced hydraulic signals and transient reflections) to the 
pipeline. 
A major benefit of the in-pipe fibre optic sensor array approach is that the location of the 
sensor arrays can be moved between periods of data acquisition. This provides an additional 
means of reducing the overall noise floor and will be very helpful in identifying leak-induced 
reflections, especially when pipe access points are limited such that deploying multiple 
  
conventional pressure sensors is difficult. The background noise has a random nature, while 
the leak-induced reflection is repeatable. The comparison of the measurements from repeated 
tests (or averaging the measurements from multiple tests) can enhance the signal-to-noise 
ratio. The time-shifting technique as presented helps to identify the directional information of 
major wave reflections. Since the sensor location can be easily changed along the pipe by 
pulling or pushing the cable, this enables multiple measurements at different (almost arbitrary) 
locations, which provides much more information than the conventional measurement 
approach that has a limited number of sensors at specific locations. As leaks are at fixed 
locations, the arrival time of the leak-induced reflection will change when the sensor location 
is changed, but the reflected pattern is predictable (related to distance and wave speed) and 
can be used to differentiate the leak signal from background noise.             
Influence of pipe network complexity 
Increased complexities in the measured signals are expected in ageing water pipeline 
networks, where multiple leaks may exist and deteriorated pipe sections (e.g. blocked and 
corroded pipe sections) also induce wave reflections. Additionally, pipe junctions and cross-
connections can also introduce strong wave reflections. These signals from fixed features are 
repeatable (i.e. cannot be suppressed from averaging), therefore making the identification of 
the leak-induced signal difficult. Understanding the characteristics of different types of 
reflections is essential: for a positive step incident wave, the reflection from a leak is a 
negative step [as shown in Figure 9(a)] and multiple leaks will induce multiple negative-step 
reflections at different times; the reflection from a discrete blockage is a positive step [6]; the 
reflection from an extended blockage (or a thicker-walled section) is a positive step followed 
by a negative step [5, 17]; and the reflection from a section with an extended corrosion (or a 
thinner-walled section) is a negative step followed by a positive step [10]. The response of 
  
different types of physical discontinuities also have different features in the frequency 
domain. For example, a leak will introduce a sinusoidal pattern on the resonant or anti-
resonant frequency responses [42], while a thicker-walled or thinner-walled pipe section will 
slightly shift the resonant frequencies but does not introduce any sinusoidal pattern [5].   
When the pipe condition is complex, however, the time-shifting technique as presented may 
not be effective since the pressure traces will be complex. In this case, the use of a wave 
separation technique can be helpful, as this technique extracts the directional waves traveling 
upstream and downstream along a pipe using the pressure measurements from two sensors in 
close proximity [43]. The wave separation can reduce the complexity of the signal and let the 
reflection-based analysis focus on one side of the pipe at one time. This technique has yet to 
be tested on the FBG measurements and will be a topic of future research.   
Conclusions 
An in-pipe fibre optic pressure sensor array has been developed for hydraulic transient 
measurement and transient-based pipeline leak detection. The sensor array can be inserted 
into a pipeline through a single access point and sealed with an o-ring gland, enabling the 
measurement of pressure at multiple locations. Static pressure measurement has confirmed 
the linearity of the fibre optic sensors. Comparison between a single fibre optic sensor and a 
conventional piezo-resistive pressure transducer in the measurement of leak-induced 
hydraulic noise has validated that the fibre optic sensors can measure transient pressure 
waves.   
The fibre optic sensor array has been applied to transient-based leak detection in a laboratory 
pipeline system. A solenoid-controlled side-discharge valve was used to generate a step 
  
pressure wave, and a manually controlled side-discharge valve was used to simulate a leak. 
The leak-induced wave reflections were measured by the fibre optic sensors. Data analysis of 
the measurements from four fibre optic sensors confirmed the existence of the leak and its 
location. The estimated location was consistent with the known leak location. The results 
have confirmed that the in-pipe fibre optic pressure sensor array can significantly enhance 
hydraulic transient-based pipeline defect detection through providing the wave directional 
information.  
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 An in-pipe fibre optic sensor array is developed for high-speed pressure measurement 
 It enables multiple measurements along a pipe through a single access point  
 Leak-induced hydraulic noise and wave reflections are successfully measured 
 
 
